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The energy required for the active excretion of Na  +  by Na-rich muscles may be ex- 
pressed  in  terms  of free  energy  change  per  equivalent  of ion  excreted  as  follows: 
dG/dn  =  RT.In  [Na]o/[Na]i  +  E,,,F,  (1) 
where  [Na]o and  [Na]i  are the  sodium concentrations  in  bathing fluid  and  muscle- 
fiber water respectively, E,~ the mean membrane potential of the  muscle fibers (out- 
side minus inside) measured in recovery fluid, and  T, R, and F  the absolute tempera- 
ture and gas and Faraday constants, respectively. It was found (Conway, Kernan, and 
Zadunaisky, 1961)  that a  critical energy barrier to the active transport of Na  + by Na- 
rich muscles existed under stated metabolic conditions  and that this determined  the 
amount of this ion which could be excreted on reimmersion of Na-rich muscles in re- 
covery fluid containing K +.  If the calculated energy requirement exceeded a value of 
2  cal/meq Na  +,  no active excretion of this ion took place.  When  the ionic gradient 
was reduced by decrease of the NaC1 concentration  of the recovery fluid, more Na  + 
was excreted by the muscles over the 2  hr recovery period and a  lower intracellular 
Na  +  concentration  was  achieved.  Similarly,  when  the  electrical  energy gradient  or 
membrane potential was reduced by increasing the K + concentration of the recovery 
fluid, more Na  + was excreted by the muscles during the 2 hr recovery period.  Reex- 
amination of the data in this paper has shown reduction of the chloride concentration 
of the bathing fluid, [C1]o, to be a more effective way of reducing membrane potential 
and  of increasing Na  + excretion.  Measured membrane potential,  E,~,  decreased by 
only 25 mv for a  10-fold increase in [K]o as KC1, but by 48 mv for a similar reduction 
of [C1]o as NaC1. The first part of the present communication deals with the  influence 
of chloride concentration gradient across muscle membrane on E,~ and net transport 
of Na  + by Na-rich rat muscles,  and  the second part describes how information ob- 
tained here was used in  an  attempt to decide whether  cholinergic  agents  increased 
K + permeability or stimulated a K  pump in increasing Na  + transport in muscle. 
METHODS 
Companion extensor digitorum longus muscles  of rat were  made Na rich  in  cold  aerated 
modified Krebs fluid containing 160 iI~ Na  + and no K +. The muscles were still connected to 
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the spinal cord at this stage (Dockry, Kernan, and Tangney, 1966). In some cases the K-free 
fluid contained  the norrnM concentration  of CI-; in other cases this ion was replaced by methyl 
sulfate. Some muscles were analyzed for Na  + after this soaking, others were denervated after 
the 2 hr of Na enrichment and were reimmersed  for a further period  of 2 hr in oxygenated 
recovery fluid containing 10 m_~ K  + and  137 m~ Na  + at 37°C. In some cases recovery fluid 
contained the normal concentration of 131 m.M CI-; in others it contained  only 10 mM C1- as 
KC1, all the NaC1 being replaced  by sodium methyl sulfate. After immersion in these fluids, 
muscles were dried to constant weight,  incinerated,  and analyzed  for Na  + and K  + by flame 
photometry. Chloride  concentrations  in  the muscles were determined  by the microdiffusion 
technique (Conway,  1962) after both Na enrichment and reimmersion of the mnseles. Inulin 
space was determined  and ionic concentrations  were expressed in meq/liter fiber water. Where 
membrane potentials  were measured  with  the mlcroelectrode  technique,  this was done 5-10 
rain  after  immersion  of muscles in  bath fluid  or after  changing of this fluid.  In measuring 
potentials in normal and Cl-deficient fluids, the measurements were made on the same muscle, 
the order of addition of fluids being changed from one muscle to the next. About 40 measure- 
ments were made on each muscle and five muscles were used for each experiment. 
In some experiments  we wished to examine  the effect of temperature on E,n of muscles in 
recovery fluid. Here temperature was lowered from 37°C to as little as 2°C in some cases, by 
circulation  of supercooled ethyl alcohol through fine polythene  tubing surrounding the bath in 
which muscles were placed  for potential measurement.  Rapid temperature change could be 
achieved  in this way. The bath temperature was raised  again  by circulation  of warm water 
through the tubing. 
RESULTS 
On immersion of muscles in K-free fluid the quantity of Na  + accumulated was sig- 
nificantly less in the absence of C1- (Table I), and this may have been due to the lower 
E,, in Cl-free as compared with normal loading fluid  (Table II). When sets of com- 
panion muscles were  made Na rich in  fluid  containing C1- and  reimmersed  in re- 
covery fluid containing  131  m~ CI- with companion muscles in recovery fluid con- 
mining only 10 n~  CI-, the latter muscles were found to excrete 10.7  meq/liter fiber 
water more Na  + than their companions (p  <  0.01)  (Table I), and their mean mem- 
brane potential was 13.6 mv lower in the Cl-deficient fluid (p  <  0.01) (Table II). On 
the other hand, when both sets of muscles were made Na rich in Cl-free fluid and re- 
immersed in the recovery fluids mentioned, those in Cl-deficient fluid excreted  11.5 
meq Na  + per  liter  fiber  water,  while  their  companions  in  normal  recovery fluid 
showed no  significant  excretion  of Na  + (0.4  <  p  <  0.5). The latter muscles  had  a 
mean E,, 8.9 my higher than the former, apparently owing to the high Eol. 
It may be  seen  in Table  II that  reduction  of bath  temperature  caused  a  much 
greater decrease in E,, of the Na-rich muscles when active transport of Na  + was taking 
place. This is probably due to the fact that the Na pump itself is capable of generating 
a  potential, and this potential, being dependent on metabolism directly, would prob- 
ably have a high temperature coefficient as compared with a potential produced by a 
passive diffusion process. If the E,, at low temperature is produced by passive diffusion 
alone,  under  steady-state  conditions  its  magnitude  should  be  proportional  to  the 
absolute temperature.  The diffusion potential at 37°C may then be calculated from 
this  potential,  the  difference  between  calculated  diffusion potential  and  measured 
membrane potential at 37 °C being regarded as that produced by the active excretion ~o6 s  CELL  MEMBRANE  BIOPHYSICS 
TABLE  I 
SODIUM CONCENTRATIONS  IN MUSCLES AFTER IMMERSION IN POTASSIUM- 
FREE FLUIDS AND  AFTER REIMMERSION IN  OXYGENATED 
RECOVERY  FLUIDS AT 37°C 
Na in fiber water  (meq/liter 4- sE) 
After K-free fluid  59.04-2.0 
After K-free Cl-free fluid  52.04-1.3 
After Na enrichment in K-free fluid and reimmersion in: 
Normal recovery fluid 
42.04-1.5 
(--17.0) 
Cl-deficient recovery fluid 
31.34-1.3 
(--27.7) 
After Na enrichment in K-free Cl-free fluid and reimmersion in: 
Normal recovery fluid  Cl-deficient recovery fluid 
50.54-1.5  40.54-1.0 
(--I .5)  (--l1.5) 
10 muscles used for each experiment. 
TABLE  II 
MEAN MEMBRANE POTENTIALS OF MUSCLES IN POTASSIUM-FREE FLUIDS AND 
OF  SODIUM-RICH MUSCLES  REIMMERSED  FOR  OVER  FIVE  MINUTES  IN 
RECOVERY FLUIDS AT 37°C AND AT LOW TEMPERATURES 
E~,  (my -4- sE)* 
In K-free fluid  85.14-1.5 
In K-free Cl-free fluid  65.54-1.0 
After Na enrichment in K-free fluid and reimmersion in: 
A.  Normal recovery fluid 
E~ at 37°C  82.6-4-0.9 
Em at 8°C  54.84-0.9 
Em calculated for  60.5 
37 °C 
B.  Cl-deficient recovery fluid 
69.04-0.9 
40.04-1.3 
44.3 
After Na enrichment in K-free Cl-free fluid and reimmersion in: 
C.  Normal recovery fluid  D.  Cl-deficient recovery fluid 
E~ at 37 °C  76.14-0.6  67.04-0.7 
Em at 3°C  69.3-4-1.5  49.84-0.8 
Em calculated for  77.5  55.0 
37 °C 
* Inside negative with respect to outside. 
of Na  +.  When  this was done for normal  conditions of Na  enrichment and  recovery 
(Table II A),  the potential due to the electrogenic Na pump was found to be 22  mv. 
The maximum potentials found to be generated in frog muscle by the unshunted Na 
pump  were  24.6  mv  (Harris  and  Ochs,  1966)  and  25  mv  (Kernan  and  Tangney, 
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When  the  Cl-equilibrium  potential  was  raised  by  placing  Cl-deficient  Na-rich 
muscles in recovery fluid containing  131  mM C1 (Table II C) and no active transport 
of Na took place, the E,~ decreased  by only 6.8 my when the bath temperature was re- 
duced  from  37 °  to  3°C,  and  this  change  was  approximately proportional  to  the 
absolute temperature, giving a  Q10 of 1.03.  In the companion muscles excreting  11.5 
meq Na  + per liter fiber water into Cl-deficient recovery fluid,  E,, decreased by 17.2 
my when the bath temperature was reduced from 37 ° to 3°C. So it seems possible that 
the effect of temperature change on membrane potential may in these circumstances 
be used  to detect  and  measure the  contribution of an electrogenic ion pump to the 
membrane potential. This observation will be made use of in the second part of this 
paper. 
TABLE  III 
CHLORIDE  CONCENTRATION  IN MUSCLE  FIBER WATER 
CA concentration  (meq/liter -4- sE) 
Fresh muscle  5.0-4-1.5* 
After immersion in: 
K-free fluid  K-free Cl-free fluid 
30.4-4-0.7  1.9=L-0.05 
After immersion in K-free fluid  and reimmersion in: 
Normal recovery fluid 
27.5-4-0.8 
Cl-dcficient  recovery  fluid 
10.34-0.05 
After immersion in Cl-free K-free fluid and reimmersion in: 
Normal recovery fluid 
28.8+1.9 
8 muscles used for each experiment. 
* Conway,  1947. 
The net fluxes of C1- which occurred during the  periods of Na  enrichment and re- 
covery in the various fluids are shown in Table III. During 2 hr in K-free fluid con- 
raining  131  mM CI-,  [CI]~ increased  by about 25 meq/liter,  while in  K-free  Cl-free 
fluid [C1]~ decreased by about 3 meq/liter. Muscles made Na rich in fluid containing 
C1- lost  about  20  meq C1 per liter fiber water,  when  reimmersed in  recovery fluid 
deficient in CI-, but [C1]~ did not change significantly in normal recovery fluid. A  net 
influx of C1- took place in  the  case of Cl-deficient muscles reimmersed in  recovery 
fluid containing  131  mM CI-. From the experiments described it is evident  that one 
can change appreciably the quantity of Na  + excreted by Na-rich muscles by raising 
or lowering E,~ through changes in the direction and magnitude of the CI- concentra- 
tion  gradient across the cell membrane while the concentrations  of Na  + and  K + in 
recovery fluid are kept constant.  It is also evident here that in rat muscle as  distinct 
from frog muscle, referred to earlier, E,~ is not greatly influenced by changes of [Clio. 
In work already reported (Dockry et al.,  1966) we found that Na-rich  toe muscles 
of rat reimmersed for 2  hr in recovery fluid  containing  10 rnM  K  and  137 mM Na 
at 37°C  transported considerably more Na  + and  K + when  the muscles were still in oo8 s  CELL  MEMBRANE  BIOPHYSICS 
nervated  during  reimmersion  in  recovery  fluid.  Muscles  thus  innervated  had  a 
lower E,  than  their denervated companion muscles during Na  + excretion (Kernan, 
1966).  We  also  found that  acetylcholine  (2  ~g/ml)  increased  excretion  of  Na  + 
by  Na-rich  denervated muscles,  whereas  tubocurarine  (0.25  ~g/ml)  inhibited  it 
to some extent. Eserine (50 ~g/rnl) and decamethonium (0.1  gg/ml) both appeared 
to  inhibit Na  +  excretion very markedly.  The former, an  inhibitor of choline ester- 
ase,  potentiates the action of  acetylcholine  at  the  end  plate,  and  decamethonium 
mimics the acetylcholine action at the end plate but is not hydrolyzed by cholines- 
terase. We considered it possible that these two substances might cause marked Na  + 
TABLE  IV 
EFFECT OF ESERINE AND DECAMETHONIUM  ON  THE MEMBRANE  POTENTIAL 
OF SODIUM-RICH MUSCLES DURING REIMMERSION  IN  RECOVERY  FLUID AT 
37°C AND AT LOW TEMPERATURE IN PRESENCE OF TETRODOTOXIN 
E. (my 4- sE) 
In normal recovery fluid at 
37 °C 
In normal recovery fluid at 
37  °C 
In  normal recovery fluid  at 
lO°C 
With TTX  With TTX +  eserine 
(10  -~ g/ml)  (50 ~g/ml) 
73.64-0.8  66.54-0.8 
78.84-1.3 
With TTX  +  decamethotdum 
(0.1 ~g/ml) 
67.3~0.9 
58.34-1.5  58.14-0.9 
EK calculated at 37"C  63,5 
Muscles  made  Na  rich  in  Cl-free  fluid  and  reimmersed  in  normal  recovery  fluid: 
With  TTX  With TTX  +  dccamcthonium 
At  37°C  75.8q-I  .5  60.0+I  .6 
At 5°C  63.0-4-1.2 
(70.5 at 37°C) 
influx into Na-rich muscles associated with the action potentials which they must pro- 
duce,  and  that  this  influx  might mask  any  stimulation  of active  transport  which 
might occur. To  prevent  this  from happening,  we  treated  the Na-rich rat muscles 
with tetrodotoxin (10  -7 g/nil)  before adding either substance to the recovery fluid. 
Tetrodotoxin  (TTX)  has been shown to eliminate action  potentials  in  nerve  and 
muscle (Narahashi, Moore and Scott, 1964), but it has no effect on the miniature end 
plate  potentials  produced  by  spontaneous  release  of  acetylcholine  (Elmqvist and 
Yeldman,  1965; Katz and Miledi,  1966). When we compared the  amounts  of Na  + 
and K + transported by TrX-treated muscles and by their companion muscles treated 
with TTX  and either eserine or decamethoninm,  we  found marked  stimulation  of 
K +  uptake  in  the latter  (Kernan,  1967).  Muscles treated with eserine, for example, 
took up 16.5 meq more K + (p <  0.01) and excreted 6.7  meq  more  Na  +  (0.05  <  p 
<  0.I)  per kilogram of muscle than  their  untreated companions.  Muscles  treated 
with decamethonium during reimmersion in recovery fluid  contained  9  meq more 
K +  (p  <  0.01) than untreated companion muscles, but there was no significant dif- 
ference in Na  + excretion here. 
We have now measured the mean E,~ of the Na-rich muscles under these conditions R. P. KEm~  Membrane  Potential and Chemical Transmitter in  Muscle Ion Transport  2o  9 s 
soon  after immersion in  recovery fluid with TTX  and  then  soon  after  addition of 
eserine or decamethonium to the bath fluid. Within 7 rain of addition of eserine and 
decamethonium,  the  mean E,~  of the muscles fell by  7.1  and  11.5  mv respectively 
(Table IV). This depolarization spread apparently from the end plate region over the 
whole of the muscle fiber, but no action potentials were observed. A generalized de- 
polarization of muscle fiber membrane has  been observed by Jarcho et  al.  (1950) 
and by Thesleff (1955)  in presence of decamethonium and by Ochs  (1966) in pres- 
ence of other cholinergic  agents  under  different  experimental  conditions  to  those 
employed here.  Where the  membrane  potential  has  been  increased  above  the  K- 
equilibrium  potential,  Ex,  owing to  the activity of the electrogenic Na  + pump this 
depolarization may be due to increased permeability of the  membrane  to  K +,  and 
this would also be in keeping with the increased K + uptake in the presence of these 
substances. This would bring E~ toward Ex but not beyond it. At low  temperature 
neither decamethonium nor eserine caused depolarization.  This fact cannot be cited 
as evidence that the depolarization is caused by an active  process,  since  at  low  tem- 
perature the Na pump does not  generate  a  potential  and  therefore E,,  is  approxi- 
mately equal to Ex. A  change of K  permeability cannot then change the membrane 
potential significantly. In an attempt to eliminate the  contribution  of the Na pump, 
we raised E,, by increase of Eel, as described above, and then examined the  effect of 
decamethonium  on  this  potential  in  the  presence  of TTX.  This  caused  a  fall of 
potential of about 15 mv with a  small but significant K + uptake  and  no Na  + excre- 
tion. We then reduced the bath  temperature rapidly to about 5°C,  and,  as  can  be 
seen  in  Table  IV,  the  membrane  potential  increased  slightly where  one would 
have expected a  fall in E,~. 
Our interpretation of this increased potential is as follows. If E,, is determined here 
by a diffusion potential and a parallel active depolarizing process, namely a K  pump, 
activated by decamethonium, the latter might be expected to be switched off by fall 
of bath temperature, as it is dependent on metabolism. Such switching off of an electro- 
genic pump has already been demonstrated  in  the  first  part of this communication. 
The diffusion potential would at the same time be decreased by fall of bath tempera- 
ture, but the depolarization produced would probably be more than reversed by the 
switching off of a  depolarizing pump, which could generate an appreciable potential 
difference across the cell membrane. The over-all effect of reduction of bath tempera- 
ture might on this assumption be a  slight rise in E,~. 
Although much more needs to be done to confirm the presence of an electrogenic 
K  pump in muscle, already several lines of evidence seem to support this view.  For 
example, we know that end plate potentials are very sensitive to  hypoxia  (Hubbard 
and L~yning, 1966) and cardiac glycosides (Gage, 1965) and that they are insensitive 
to TTX, which blocks the depolarizing net influx of Na  + which produces the action 
potential in muscle. These facts would suggest that the miniature end plate potentials 
are not produced by Na  + influx but by an active process such as net uptake of K +. 
Axoplasmic streaming observed by Koenig (1958) and by Ochs et al. (1967) may also 
be involved in some way with the stimulation of active transport seen by us in inner- 
vated  muscles  in  vitro. 
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